Steiner JL, Lang CH. Alcohol impairs skeletal muscle protein synthesis and mTOR signaling in a time-dependent manner following electrically stimulated muscle contraction.
ACUTE AND CHRONIC ALCOHOL intoxication decreases rates of skeletal muscle protein synthesis predominately in type II muscle fibers at least in part through impairment of mammalian target of rapamycin (mTOR)-dependent translation initiation (27, 29 -31, 49) . mTOR is a serine/threonine (Ser/Thr) kinase that exists in two distinct protein complexes, mTORC1 and mTORC2. Together these protein complexes represent a central metabolic integration point that regulates numerous cellular processes, including translation initiation and subsequently protein synthesis (20) . Upon activation, mTORC1 phosphorylates its primary downstream substrates, eukaryotic initiation factor (eIF)-4E binding protein (4E-BP1) and p70S6K1 (S6K1). Multisite phosphorylation of 4E-BP1 is required for the release of eIF4E (from 4E-BP1), resulting in initiation of cap-dependent translation (17, 18, 39, 47) . On the other hand, phosphorylation of S6K1 by mTORC1 is specific to Thr 389 which, in the conventional model, is facilitated by the conformation change induced by phosphorylation of the COOHterminal autoinhibitory domain containing Thr 421 and Ser 424 as well as Ser 411 and Ser 418 (43, 50) . S6K1 activates several downstream substrates, including ribosomal protein S6 (rpS6), eukaryotic elongation factor-2 (eEF2), programmed cell death protein 4 (PDCD4), and eIF4B, which contribute to initiation of translation, elongation, and presumably protein synthesis (43, 52) . Acute alcohol intoxication suppresses basal phosphorylation of rpS6 and 4E-BP1 and increases binding of the translational repressor protein, 4E-BP1, with eIF4E (32, 34, 35) . Additionally, the mTORC1-mediated anabolic response of muscle to hormones [insulin and insulin-like growth factor-I (IGF-I)] and nutrients (leucine) is suppressed by prior administration of an acute bolus of alcohol in a dose-and timedependent fashion (28, 32, 34, 53) .
Muscle contraction stimulates protein synthesis and, when repetitive in nature, muscle hypertrophy develops in an mTORdependent manner; however, additional signaling pathways have also been implicated (7, 13, 19, 26, 38, 58) . The precise mechanism(s) of mTORC1 activation following a mechanical stimulus like muscle contraction or stretch remains to be determined, since it is independent of exogenous nutrients, phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling, IGF-I responsive pathways, MEK/extracellular signal-regulated kinase (ERK) signaling, or changes in intracellular calcium levels (22-24, 38, 46, 48, 57-59) . Most recently, it was hypothesized that contraction-induced mTORC1 activation is mediated, at least in part, by diacylglycerol kinase -regulated synthesis of phosphatidic acid (14, 59) . Muscle contraction induces phosphorylation of several substrates within the mTORC1 signaling pathway, including S6K1, 4E-BP1, mTOR, rpS6, eIF4B, and eEF2, in a time-dependent and stimulus-specific manner (11, 13, 38, 48, 58) . Several different experimental paradigms result in increased mTOR signaling and/or protein synthesis, including weighted or resistance exercise, muscle overload induced by synergistic muscle ablation, and electrically stimulated muscle contraction (6, 12, 26, 46, 48, 58 ). This last model, which uses electrical stimulation to induce maximal muscle contractions, mimics the signaling and hypertrophic responses observed following resistance exercise and has a potential clinical advantage, since it can be performed on patients with physical limitations caused by illness or disease (6, 12) .
The effects of alcohol on electrically stimulated muscle contraction-induced increases of skeletal muscle protein synthesis have not been investigated despite the direct clinical relevance; stimulated muscle contraction is a potential therapeutic modality for those with chronic alcohol-induced myopathy that is characterized by similar molecular changes as those occurring with acute intoxication (25, 32, 35) . Therefore, the purpose of the present study was to determine whether acute alcohol intoxication impairs mTOR-mediated protein synthesis stimulated by in vivo muscle contraction. Because changes in mTOR signaling and protein synthesis are time-dependent following muscle contraction, and the effects of alcohol may subside as it is metabolized over time, analysis was performed at an early (30 min), intermediate (4 h), and late (12 h) time point following muscle contraction.
METHODS
Animals. Viral antibody-free male C57BL/6 mice aged 11-12 wk old were purchased from Charles River Laboratories (Wilmington, MA) and acclimated to the animal facility at the College of Medicine at Penn State Hershey for at least 1 wk before experimental use. Mice were housed in shoe-box cages with corn cob bedding under controlled environmental conditions (12:12-h light-dark) and were provided Teklad Global 2019 (Harlan Teklad, Boston, MA) and water ad libitum until the start of the experiment. All experimental procedures were performed in accordance with the National Institutes of Health guidelines for the use of experimental animals and were approved by the Institutional Animal Care and Use Committee of The Pennsylvania State University College of Medicine.
Experimental design and muscle contraction protocol. Before each experiment, mice were fasted overnight with the muscle stimulation protocol initiated between 8:00 A.M. and 1:00 P.M. the next day. To minimize differences due to the length of fast, mice were randomly assigned to either the Alcohol (n ϭ 7-10) or Control (n ϭ 7-10) treatment and tested in an alternating fashion (i.e., one mouse from the Control group followed by one from the Alcohol group). Mice were administered alcohol at a dose of 3 g/kg via intraperitoneal injection or were given an equal volume of 0.9% sterile saline (Control). Administration of alcohol via intraperitoneal injection or oral gavage results in similar absorption and clearance rates as evidenced by analogous blood alcohol concentrations (BAC) (9) . Alcohol was administered before muscle contraction based on prior work showing that pretreatment with alcohol antagonizes mTOR activation following other anabolic stimuli, including leucine, IGF-I, and insulin (27, 28, 53) . Additionally, patients with chronic alcohol-induced myopathy might have detectable circulating levels of alcohol when stimulated muscle contraction would be performed as a therapeutic intervention, making this a relevant preclinical model.
Immediately after alcohol treatment, mice were anesthetized via isoflurane (2-3% in O 2 with 1.5% maintenance). Hair was shaved from the right leg/hip, and a small incision through the skin and muscle was made for isolation of the sciatic nerve. Needle electrodes were placed over the nerve, and maximal muscular contractions were evoked using a current stimulator (model A365; World Precision Instruments, Sarasota, FL) interfaced with Powerlab 4/35 and LabChart software (ADI Instruments, Colorado Springs CO). The stimulation protocol occurred as previously described by Baar and Esser (6) . Briefly, the protocol included 10 sets of 6 contractions (each lasting 3 s) with 10 s rest between contractions and 60 s rest after each set of 6 contractions (6). Pulse height was set to 6 volts and current to 1 mA to ensure maximal contractions were evoked. Each contraction produced a lengthening action of the tibialis anterior and extensor digitorum longus muscles, with a concomitant shortening of the triceps surae complex (i.e., gastrocnemius, plantaris, and soleus). The contralateral leg served as the nonstimulated control. At the cessation of the protocol, mice were given 1 ml of warm sterile saline subcutaneously and allowed to recover for the specified amount of time (30 min, 4 h, or 12 h). Mice remained in the fasted state throughout the recovery period but had free access to water. At the appropriate time point, the gastrocnemius and plantaris muscle complex (referred to as muscle from here on) was excised from the electrically stimulated and nonstimulated leg and immediately placed between aluminum blocks precooled to the temperature of liquid nitrogen. The gastrocnemius and plantaris muscles were used, since they are predominately composed of type II muscle fibers and respond to stimulated muscle contraction as well as experience the greatest decrement following treatment with alcohol (6, 36, 44) . Blood was collected from the vena cava in heparinized syringes and centrifuged (10,000 g for 10 min) for isolation of plasma. Both frozen tissue and plasma were stored at Ϫ80°C until analyzed. Experimental time points were specifically chosen based on: 1) preliminary investigations showing 30 min was sufficient time to allow for the induction of S6K1 Thr 389 phosphorylation following contraction; 2) previous literature confirming a significant anabolic response by 30 min that is maximal between 3 and 12 h and maintained for at least 16 h (6, 26, 38); and 3) literature supporting a progressive time-dependent decrease in BAC following a peak at 60 min after intraperitoneal injection in mice, which corresponds to our 30-min time point (40) .
Western blotting. One-half of the frozen gastrocnemius complex (50 -90 mg) was homogenized using a glass mortar and pestle in 10 volumes of ice-cold buffer consisting of (in mmol/l): 50 HEPES, 0.1% Triton X, 4 EGTA, 10 EDTA, 15 sodium pyrophosphate, 100 ␤-glycerophosphate, 25 sodium fluoride, 5 sodium orthovanadate, and 1 cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail Tablet (Roche Applied Science, Madison, WI) per 10 ml of buffer. Protein concentration was quantified using Bio-Rad Protein Assay Dye reagent concentrate (Hercules, CA), and SDS-PAGE was carried out using equal amounts of total protein per sample. The membranes were incubated overnight at 4°C with primary antibody (Cell Signaling, Beverly, MA, unless otherwise noted Protein synthesis. A separate group of age-matched male C57BL/6 mice was used to determine the in vivo rate of muscle protein synthesis in the gastrocnemius complex 30 min, 4 h, or 12 h postelectrically stimulated muscle contraction. All experimental protocols were performed as described above except that at 30 min, 4 h, and 12 h after completion of electrically stimulated muscle contraction mice were injected with L- [2,3,4,5,6- 3 H]phenylalanine (Phe; 150 mM, 30 Ci/ml; 0.5 ml) for an additional 15 min before tissue collection. Mice were then anesthetized with isoflurane, and blood was collected in heparinized syringes from the vena cava for measurement of plasma Phe concentration and radioactivity. Muscles were excised and immediately clamped between aluminum blocks precooled in liquid nitrogen. High-performance liquid chromatography was used for the measurement of specific radioactivity of plasma Phe levels in the supernatant from trichloroacetic acid-treated plasma extracts. The global rate of [ 3 H]Phe incorporation into protein within the muscle was assessed as previously described by our laboratory (29, 56) .
Blood alcohol concentration. The plasma alcohol concentration was determined in all samples using a rapid analyzer (Analox Instru- ments, Lunenburg, MA). Duplicate measurements were performed, and the average is reported. Statistical analysis. All data were analyzed using commercial statistic software (SigmaPlot; Systat, San Jose, CA). Within each time point (30 min, 4 h, 12 h) data were analyzed using a repeatedmeasures two-way ANOVA (contraction ϫ alcohol) with StudentNeuman-Keuls post hoc tests when appropriate. Comparisons across time points were not performed. Data are presented as means Ϯ SE and considered significant when P Ͻ 0.05.
RESULTS
Blood alcohol concentration. The BAC was measured in plasma from all mice at each time point. Thirty minutes after muscle contraction (ϳ1 h after injection of alcohol), the BAC was 66 Ϯ 3 mmol/l, which is equivalent to ϳ300 mg/dl (0.3%). At the 4-h time point, the average BAC had dropped to 38 Ϯ 3 mmol/l, which is equivalent to 175 mg/dl (0.17%). While these BACs are high, similar levels have been reported in trauma patients admitted to the emergency department (15, 21) . By 12 h, the BAC was below detectable levels in alcoholtreated mice. Lastly, no alcohol was detected in the plasma from the saline-treated Control animals at any time point.
Muscle protein synthesis. Alcohol suppressed protein synthesis in both nonstimulated and stimulated muscle at 30 min (ϳ60%), 4 h (ϳ75%), and 12 h (ϳ40%) compared with time-matched control values (Fig. 1, A, B, and C) . Electrically stimulated muscle contraction decreased protein synthesis 17% at 30 min in Control mice, but this effect was not present in Alcohol mice (Fig. 1A) . At 4 h, muscle contraction significantly increased protein synthesis by 11% in Control mice, but this enhancement was not observed in Alcohol mice (Fig. 1B) . At the 12-h time point, muscle contraction increased protein synthesis 12% in the stimulated muscle of both the Control and alcohol-treated mice. However, the rate of synthesis in the stimulated muscle from alcohol-treated mice remained lower than the stimulated Control mice (Fig. 1C) . To more clearly present the magnitude of change induced by electrically stimulated muscle contraction in Control and Alcohol mice, Fig.  1D shows the change in absolute synthetic rates (stimulated muscle minus nonstimulated muscle within an animal) for each time point.
mTOR signaling 30 min post-muscle contraction. We next assessed the phosphorylation of the primary mTORC1 substrates, S6K1 and 4E-BP1. Muscle contraction increased the phosphorylation of Thr 389 (158%) and Thr 421 /Ser 424 (93%) on S6K1 after 30 min, whereas alcohol prevented the stimulationinduced increase and reduced the magnitude of change compared with that observed in the stimulated leg of Controls (Fig.  2, A and B) . Electrically stimulated muscle contraction also increased the presence of the slower-migrating ␥-isoform of 4E-BP1 (20%) in Controls, whereas alcohol reduced migration induced by stimulation compared with Controls (Fig. 2C) . In contrast, phosphorylation of Ser 65 on 4E-BP1 in muscle from Control was unchanged by stimulation, whereas the combination of alcohol and stimulated muscle contraction reduced its phosphorylation at this early 30-min time point (Fig. 2D) . Phosphorylation of mTOR at the autocatalytic Ser 2481 site and PI3K/AKT-mediated residue, Ser 2448 , was not changed by alcohol and/or muscle stimulation (Fig. 2, E and F) . The precise signaling cascade connecting mechanical stimulation to changes in mTORC1 signaling and then eventually stimulating protein synthesis is still under investigation; however, signaling upstream and/or independent of mTOR activation may contribute (1, 38, 46) . At 30 min post-electrical muscle stimulation, phosphorylation of Akt Thr 308 (12%) and its downstream substrate in mTORC1, PRAS40 Thr 246 (40%), was decreased by stimulation, whereas phosphorylation of Akt Ser 473 was not altered (Fig. 3, A-C) . Conversely, ERK Thr 202 / Tyr 204 phosphorylation was increased 53% in the stimulated muscle of Control mice (Fig. 3D) . Alcohol abrogated many of these effects, since there was no change in the phosphorylation of Akt Thr 308 and Ser 473 or PRAS40 Thr 246 following stimulated muscle contraction in the presence of alcohol (Fig. 3,  A-C) . In contrast, ERK Thr 202 /Tyr 204 was increased by muscle stimulation in alcohol-treated mice; however, the stimulationinduced increase was still blunted in Alcohol compared with Control mice (Fig. 3D) .
In response to phosphorylation by mTOR, S6K1 is activated and signals to numerous substrates downstream that contribute to different aspects of translation initiation and protein elongation (52) . Electrically stimulated muscle contraction increased rpS6 Ser 240/244 phosphorylation in gastrocnemius at 30 min in both control (110%) and alcohol-treated (100%) mice (Fig. 4A) . However, the magnitude of response to contraction was reduced by alcohol (ϳ40%). The contraction-induced increase in the phosphorylation of eIF4B on Ser 422 observed in control mice (ϳ80%) was not present in alcohol-treated mice (Fig. 4B) . The phosphorylation of two additional downstream targets, PDCD4 and eEF2, remained unchanged by muscle stimulation and/or acute alcohol intoxication (Fig. 4, C and D (430%), phosphorylation of the ␥-isoform of 4E-BP1 (111%), 4E-BP1 Ser 65 (ϳ80%), and mTOR Ser 2448 (114%) was increased by stimulated muscle contraction in Control mice (Fig.  5, A-E) . At this time point, alcohol prevented the stimulationinduced increase in the phosphorylation of each of these proteins except for mTOR Ser 2448 where no differences between the Control and Alcohol groups were detected (Fig. 5,  A-E) . Furthermore, Akt Ser 473 and Thr 308 , as well as mTOR Ser 2481 , were unchanged by muscle contraction or alcohol at this time point (Fig. 5H and Table 1 ). PRAS40 phosphorylation on Thr 246 was suppressed by alcohol but unchanged by muscle contraction in either group (Fig. 5F ), while conversely, the phosphorylation of ERK Thr 202 /Tyr 204 in the contracted muscle of alcohol-treated mice was decreased compared with control mice (Fig. 5G) . Proteins important in translation initiation and downstream of S6K1 phosphorylation, including eEF2 Thr 56 , PDCD4 Ser 67 , and eIF4B Ser 422 , were unchanged by both alcohol and muscle contraction at this time point (Fig.  5I and Table 1) .
Signaling of primary mTOR substrates 12 h post-muscle contraction. Measurement of selected mTORC1 substrates was also performed 12 h after cessation of muscle contraction, a time point at which no alcohol was present in the circulation. (Fig. 6, A-D) . Alcohol only suppressed the phosphorylation of S6K1 Thr 389 and rpS6 Ser 240/244 in contracted muscle compared with Controls, whereas phosphorylation of S6K1 Thr 421 /Ser 424 and 4E-BP1 Ser 65 exhibited restored responsiveness to muscle contraction (Fig. 6, A-D) . Phosphorylation of ERK1/2 Thr 202 /Tyr 204 was not altered by contraction and/or alcohol intoxication at this time point (data not shown).
Magnitude of change across time in S6K1 and rpS6 phosphorylation.
While not a primary aim of this study, we selected four representative samples within each treatment group and submitted them to SDS-PAGE on the same gel for visualization of differences in the magnitude of response to muscle contraction and alcohol treatment over time (Fig. 7, A (G) were assessed in the muscle. Bars graphs represent quantification of Western blots normalized to the total amount of respective protein with the control nonstimulated value set to 100%. Representative images from Western blots for proteins listed in Table 1 and described in the text are shown in H and I. Shaded bars, alcohol-treated mice (n ϭ 8 -9); open bars, control mice (n ϭ 9). Horizontal bars indicate statistical differences between groups (P Ͻ 0.05). Values are expressed as means Ϯ SE. and B). Statistical analysis was not performed because of the small sample size (n ϭ 4); however, muscle contraction evoked a similar level of activation of S6K1 Thr 389 and rpS6 Ser 240/244 at each time point in Control animals. As described above, alcohol impaired this contraction-mediated increase at each time point.
Con

DISCUSSION
The present study investigated the time-dependent effects of acute alcohol intoxication on rates of protein synthesis and mTORC1 signaling in skeletal muscle following electrically stimulated muscle contraction. Alcohol decreased protein synthesis in the nonstimulated muscle at each time point (30 min, 4 h, and 12 h) compared with time-matched controls. Furthermore, alcohol prevented the muscle contraction-induced change in synthesis observed in Control mice at 30 min and 4 h. Although synthesis in the stimulated muscle was increased by a similar percent in Control and Alcohol mice at the 12-h time point, the absolute rate of protein synthesis remained suppressed in the alcohol-treated muscle because of the alcohol-induced reduction of basal protein synthesis. Alcohol also suppressed the phosphorylation of several proteins within the canonical mTORC1 signaling cascade that were increased by stimulated muscle contraction. However, activation of this pathway was often discordant with changes in rates of synthesis in response to muscle contraction and/or alcohol, highlighting the importance of measuring both responses.
Stimulated muscle contraction in control mice. Although seemingly contradictory, the decrease in muscle protein synthesis observed at 30 min in Control mice is a well-recognized phenomenon (5, 8, 38, 45, 51) . Definitive mechanistic explanations are still lacking, but contributing factors likely include 
Values are means Ϯ SE. EtOH, alcohol; S6K1, p70S6K1; mTOR, mammalian target of rapamycin; Akt, protein kinasse B; eEF2, eukaryotic elongation factor 2; PDCD4, programmed cell death protein 4; eIF4B, eukaryotic initiation factor 4B; Non-Stim, control condition; Stim, muscle underwent electrically stimulated muscle contraction. *P Ͻ 0.05 compared with Control Non-Stim value.ˆP Ͻ 0.05 compared with value from the Control Stim group. the contraction-mediated decrease in Ca 2ϩ release, enhanced ATP turnover, and increased eEF2 phosphorylation (4, 5, 8, 38, 45, 51) . The magnitude of the early contraction-induced decrease in synthesis is directly related to the stimulus intensity, and as such we speculate that the maximal contractions produced by the current protocol resulted in a large decrease in synthesis that was still recovering at the early (30-min) time point (51) . Similar to our findings, stretch of L6 myotubes decreased protein synthesis at early time points before rates returned to basal levels later in recovery (5) .
Moreover, our data at 30 min postcontraction in control muscle show a discordant response between rates of synthesis and mTORC1 signaling, since protein synthesis was decreased concomitant with increased phosphorylation of S6K1 and its substrates eIF4B and rpS6. Despite similar findings being reported in humans and ex vivo rodent muscle preparations (2, 3, 5, 45), mechanistic explanations and the physiological relevance of this seemingly dissonant response between signaling and synthesis remains to be determined. Because the synthesis rate had recovered and was increased in accordance with mTORC1 activity at the 4-and 12-h time points (in Control mice), it is possible that the early induction of these factors is imperative for the later, long-lasting augmentation of protein synthesis. In support of this speculation, treatment with the mTOR inhibitor rapamycin before resistance exercise prevents the increase in protein synthesis in the postexercise period (13, 26) .
Further highlighting the need for measuring rates of synthesis directly were our findings at both 30 min and 4 h showing discordance in the phosphorylation of proteins within the mTORC1 signaling pathway. This included increased phosphorylation of S6K1, rpS6, eIF4B, and 4E-BP1 at 30 min in response to muscle stimulation while mTOR Ser 2448 and Ser 2481 , previously thought to be markers of mTOR activity, remained unchanged at this time point. A similar relationship has been reported following stretch of L6 skeletal myoblasts, since mTOR Ser 2448 was unchanged despite increased phosphorylation of S6K1 Thr 389 and 4E-BP1 Thr 37/46 (5) . Currently, the importance of Ser 2448 phosphorylation in the activation of mTOR is uncertain, since mutation of this residue to alanine does not alter the kinase activity of mTORC1 (10) . However, there is also the possibility that phosphorylation of S6K1 and/or its substrates occurred by an mTOR-independent mechanism similar to that reported in rat epitrochlearis muscle undergoing ex vivo electrical stimulation in the presence of the mTOR inhibitor Torin1 (38) . In summary, our findings from Control animals in response to electrically stimulated muscle contraction highlight the importance of assessing both signaling and protein synthesis to achieve a true representation of the physiological impact of the stimulus.
Alcohol-related changes independent of muscle contraction. The exact mechanism of the alcohol-induced decrease in basal muscle protein synthesis has not been fully elucidated, although the concurrent impairment of mTORC1 signaling has previously been reported, including decreased phosphorylation of rpS6 Ser 240/244 and 4E-BP1 Thr 37/46 (28, 32, 34, 35) . In contrast, our current findings did not reveal significant differences in several mTORC1 substrates in the nonstimulated leg following alcohol treatment, suggesting that mTOR-independent effects may be contributing to the observed reduction in rates of muscle protein synthesis. However, not all investigations link mTORC1 activity to the regulation of basal protein synthesis, since treatment with rapamycin decreases S6K1 activity but does not alter the basal rate of muscle protein synthesis or translational activity (16, 26) . Furthermore, alcohol may affect other aspects of translation initiation, including reducing the formation of eIF4F complex (i.e., decrease eIF4E-eIF4G binding), which would limit binding of the mRNA to the 43S preinitiation complex (33) . In chronic alcohol-fed rats, the activity of eIF2B has also been significantly suppressed, effectively limiting translation initiation and protein synthesis, and could have contributed to the present findings (36) .
Additionally, differences in experimental design may have contributed to the observed discrepancies from our past data. Currently, mice were fasted overnight and remained fasted until death (ϳ16 -24 h later), whereas previous studies used freely fed mice or overnight-fasted rats (28, 32, 34, 35 ). Such a prolonged fast in mice causes weight loss, depletes glycogen, and results in nearly undetectable levels of phosphorylated proteins (e.g., S6K1 Thr 389 ) within the mTORC1 pathway as protein synthesis is suppressed to conserve energy (54) . Thus, we may have failed to detect potential alcohol-induced changes in mTOR signaling in the basal condition, since protein detection was optimized to highlight changes induced by muscle stimulation within the same animal.
Effects of alcohol and muscle contraction. The current findings extend previous work showing alcohol administered before other anabolic stimuli (refeeding, insulin, IGF-I, and leucine) suppresses the induction of protein synthesis and mTORC1 signaling (e.g., 4E-BP1 and S6K1 phosphorylation) (28, 32, 34, 53) . We hypothesized that the contraction-induced increase in muscle protein synthesis would be maintained in the presence of alcohol, since muscle contraction activates mTORC1 independent of pathways previously identified to be inhibited by alcohol, including PI3K/Akt and/or hormonal stimulation (24, 48, 55) . Contrary to expectations, our data show that alcohol impairs the mechanical activation of mTORC1 signaling similar to other previously reported anabolic stimuli (28, 32, 34, 53) . Furthermore, protein synthesis and signaling through mTORC1 (assessed by measurement of the phosphorylation of S6K1 on Thr 389 and rpS6 on Ser 240/244 ) remained suppressed by alcohol even after the BAC had returned to undetectable levels at 12 h. Although not required, the MEK/ERK pathway may also contribute to contractioninduced changes in muscle protein synthesis and mTOR signaling (41, 42, 46) . Presently though, alcohol decreased ERK1/2 phosphorylation in the nonstimulated and stimulated muscle compared with Controls, and the increase in phosphorylation caused by stimulated muscle contraction was not sufficient to overcome the alcohol-induced suppression of protein synthesis, arguing against a role for this pathway in the control of protein synthesis.
Results from the current investigation suggest that alcohol has a long-lasting effect on protein synthesis as well as mTOR signaling induced by electrically stimulated muscle contraction, albeit the effects are not always concordant, especially at earlier time points. Furthermore, we show that, even 12 h after acute alcohol treatment, the rate of protein synthesis is still suppressed compared with control animals, implying that an episode of heavy drinking the night before could limit muscular adaptations from exercise performed the following morning. These findings also suggest that if muscle contraction is to be administered in a therapeutic setting that chronic alcoholic individuals should be encouraged to abstain before the exercise session. Last, the impact of either a single incidence of acute alcohol intoxication (i.e., binge drinking) or chronic alcohol ingestion on muscle contraction-induced increases in muscle mass over a more prolonged time frame remains to be determined.
